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Summary

A generating system of a synchronous strobed
laser light sheet has been designed and used for flow
visualization of a helicopter rotor model. The strobe
circuit of the laser light sheet was designed to allow
selectable blade-position viewing, strobe duration,
and multiple pulses per revolution for rotors having
two to nine blades. A slip-sync mode permits slow-
motion visualization of the flow field over complete
rotations of the rotor.

The system has been tested in the NASA Lang-
ley 14- by 22-Foot Subsonic Tunnel to make two-
dimensional flow field cuts of a four-bladed rotor
operating at wind-tunnel speeds up to 79.25 m/sec
(260 ft/sec). Between runs, a calibration grid board
was placed in the plane of the laser sheet and
recorded with the video camera at the position used
to record the flow field.

Introduction

Light sheets generated with either coherent or
noncoherent sources have found widespread appli-
cations to flow visualization (refs. 1-5). A survey
of techniques used to generate light sheets included
cylindrical rods and lenses, rotating glass blocks,
anamorphic prisms, Bragg cells, and mirrored gal-
vanometers (refs. 6-8).

The purpose of this paper is to describe the
generating system of the synchronous strobed laser
light sheet that was developed for the NASA Langley
14- by 22-Foot Subsonic Tunnel. Also presented in
this paper are some typical results that were obtained
by using this system during actual tunnel testing.

A laser light sheet generating system using a
cylindrical rod and a lens was developed for use in
the 14- by 22-Foot Tunnel. The system incorporated
a strobed laser light sheet that was synchronized to
the blade motion of a helicopter rotor model that
was being tested in the low-speed tunnel. Using this
system, the illumination of smoke (vaporized propy-
lene glycol) entrained in the flow passing around the
blades of the model can reveal vortices produced by
the blades. The design of the system included the ca-
pability to have an adjustable triggered delay of the
strobe, an adjustable strobe pulse width, a selectable
number of blades to view, and a slip-sync mode for
real-time slow-motion flow visualization. Post-run
quantitative data on such features as the size, po-
sition, and trajectory of the blade-tip vortices were
extracted from the video images by recording a cal-
ibration grid placed in the plane of the light sheet
between each tunnel run with the video camera in

the same position that was used to record the flow
field.

This work was a combined effort by the NASA
Langley Research Center, Bell Helicopter Textron,
and the Aerostructures Directorate of the U.S. Army

Aviation and Technology Activity—Aviation Sys-
tems Command (USAARTA-AVSCOM).

Generation of the Light Sheet and Flow
Visualization

A compound cylindrical-lens assembly was used
to spread out the laser beam in order to generate a
single sheet of laser light. Figure 1 illustrates the
system as it was installed in the test section of the
wind tunnel. An existing argon-ion laser that is used
in a dedicated laser velocimeter (LV) scanning system
was used as the light source for the generation of the
light sheet. The LV system was used to interrogate
the flow so that more-detailed velocity measurements
could be made of the visualized flow phenomenon.
The laser was operated in the “all lines mode” with
an output of approximately 5 W. The laser beam was
directed to the optics package that was magnetically
secured to the floor of the test section. (See fig. 2.)
The beam first struck a folding mirror that directed
the beam onto a 6.35-mm- (0.250-in-) diameter glass
rod diverging the beam in one axis only. This
produced a triangular sheet of light with a divergence
angle of 15°. Once the initial system setup was
completed at the facility, a cylindrical lens was added
after the glass rod in order to reduce the divergence
angle to 10° to increase the intensity of the light sheet
(ref. 9).

To visualize the flow, the area of interest in the
flow volume was seeded with vaporized propylene gly-
col smoke injected upstream of the model (ref. 10).
The propylene glycol particles scattered the laser
light striking it. The pattern of light scattered by
the propylene glycol was brightest in the transmit-
ted or forward-scattered direction. For this reason,
the video camera was located upstream of the model
to view the light sheet from the forward-scattered di-
rection. All flow visualization video records were ob-
tained from the silicon-intensified target (SIT) cam-
era because of the low integrated intensity of the
short-duration pulsed light sheet. The SIT camera
can produce a usable picture with a scene brightness
of 2.5 x 10™4 ft lambert. The camera output was
recorded with a standard VHS recorder.

Synchronizing the Light Sheet

The following describes the method of control-
ling the illumination relative to the rotor position.



Shaft encoders, attached directly to the rotor drive
shaft, supply two separate signals: a single pulse
per revolution (1 PPR) and 1024 pulses per revo-
lution (1024 PPR). The two signals, having equal
pulse widths, are phase synchronous and transistor-
transistor logic (TTL) compatible. The single pulse
per revolution (1 PPR) occurs when blade number
“1” is parallel to the longitudinal axis of the heli-
copter to the rear of the rotor hub. The 1024-PPR
signal is a square wave. The single and 1024-PPR
signals are inputs to the synchronizing circuit. Fig-
ure 3 is a block diagram of the synchronizing cir-
cuit (with the exception of the slip-sync generator
that was added after the initial tunnel tests were
completed). The output of the synchronizing circuit
drives a Bragg cell that strobes the light sheet. The
first step in generating this output pulse begins in
the delay generator that utilizes both shaft-encoder
signals. (See fig. 4.) A four-digit programmable
counter is loaded with the user-selectable delay upon
being triggered by the single PPR signal after pass-
ing through a monostable multivibrator. Subsequent
pulses from the 1024-PPR signal decrease the count
until zero is reached. The zero carryout pulse (CO)
occurs when the count reaches zero. This pulse oc-
curs once per revolution and is delayed from the sin-
gle PPR signal by the user-set delay. The output
pulse is routed to the “number of blades” circuit, the
first part of which is a phase lock loop (PLL) circuit
as shown in figure 5.

The pulse from the delay generator becomes the
input to a 4046 complementary metal oxide semicon-
ductor (CMOS) PLL integrated circuit. The 4046
contains a voltage-controlled oscillator (VCO) and a
phase detector. The output from the VCO is divided
by the 4029 programmable divider. The divisor is
- selected by the user with a single-digit thumbwheel
switch. Divisions from 1 to 9, corresponding to one
to nine blades, are selectable. Selection of blade num-
ber “1” allows the flow field to be examined for a sin-
gle blade in the rotor disk. For rotors with multiple
blades, selection of other digits can increase the num-
ber of strobes per revolution and, hence, the bright-
ness of the video image. For example, with six blades,
selection of 6, 3, 2, or 1 will produce a meaningful dis-
play. For a nine-bladed rotor, selection of 9, 3, or-1
would be usable.

The output from the 4029 is compared with the
input pulse rate by the phase detector in the 4046.
The phase-detector output is low-pass filtered by Ry,
Rp, and CF. The filtered output is used to control
the 4046 VCO. Once locked, the output from the
VCO is “N” times the input pulse rate, where N
denotes the selected number of blades and is phase
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synchronous with the input signal. Dual monostable
multivibrators (4098) are used to shape the output
signal from the programmable divider and the VCO.
The pulse from the number of blades circuit is then
routed to the “strobe length” circuit.

The strobe length circuit shown in figure 6 is used
to determine the output pulse length and, hence,
the duration of the light sheet flash. The strobe
length circuit is triggered by the output from the
“number of blades” circuit which sets the 4013 set-
reset multivibrator. Once set, the 4013 output goes
high and is the output strobe. It also is used to gate
1024 pulses per revolution to the 4029 programmable
counter. The 4029 counter is preset by the operator
to the desired pulse length selected on a single-
digit thumbwheel switch. The 4029 counts down
to zero. At zero, a carryout pulse resets the 4013,
thus terminating the output, and reloads the 4029
counter. The 4013 output is buffered by a set of
inverters located on the “number of blades” circuit
card (see fig. 5) and controls the external Bragg cell
driver.

The circuit shown in figure 7 was developed to
incorporate slip-sync or slow-motion capability. The
circuit utilizes a 4059 programmable divider. In
normal or “sync” operation, the encoder outputs
from the model are fed straight to the previously
described circuits. For “slow” or “fast” operations,
the encoder output of 1024 pulses per revolution
is still used directly. But the encoder single PPR
signal is replaced by a synthetic single PPR signal.
In the fast operation, the 4059 integrated circuit is
programmed to divide the 1024-PPR signal by 1023
to produce an output that is slightly faster than the
true 1-PPR signal. Similarly, in the slow operation,
the 4059 is programmed to divide by 1025.

Strobing the Light Sheet

The light sheet was strobed by the addition of an
acoustic-optical Bragg cell shutter (placed between
the laser and the optics package) that transmits a
zero order and produces first-order light beams. The
zero-order beam was unused and blocked, and the
first-order beam from the Bragg cell was chopped by
the signal being fed to the Bragg cell from the syn--
chronization circuit. The Bragg cell introduces color
dispersion. This chromatic dispersion was corrected
by inserting a dual prism assembly into the optical
path just after the beam exits the Bragg cell. The
dual prism assembly consists of two rotatable prism
wedges that were adjusted to converge the different
wavelengths back onto a common optical axis.



Video Acquisition and Calibration

Standard VHS video recordings were made of
the four-bladed-rotor flow fields at tunnel speeds
up to 79.25 m/sec (260 ft/sec). These recordings
were made with the SIT camera located forward of
the model. The optics package was positioned on
the floor of the test section at one of four possible
positions in order to visualize the flow patterns at
20, 60, —20, and —60 percent of the blade length as
illustrated in figure 8. The camera was placed on
the starboard side of the model when the 20- and
60-percent positions were recorded and on the port
side of the model to obtain video recordings from the
~20- and —60-percent positions. After video records
were made with the optics package at a particular
position, the wind tunnel was stopped and the laser
was turned off. A calibration grid was then placed in
the test section in the plane of the light sheet. The
grid was then recorded with the video camera. Post-
run analysis using the video grid records as an overlay
for individual frames on the flow field video allowed
the determination of size, direction, and spacing of
the vortex patterns.

Results

The laser light sheet system described in this pa-
per was developed for the visualization of the flow
around rotor models. A photograph of the model
installed in the test section of the 14- by 22-Foot
Tunnel is shown in figure 9. The wind-tunnel tests
were performed to compare actual vortex locations
with predicted locations in order to understand the
wake structure. Each blade tip produces a vortex.
Establishing successive vortex locations permits the
researcher to determine the trajectory of the wake
generated by the rotor. Figure 10 depicts the field of
view of the SIT camera on the port side of the model
with the test section lights on, the tunnel running,
and the smoke and light sheet operating. The rotor
model was tilted 5.8° forward into the flow. In this
particular video frame the light sheet was set at the
—60-percent position. Figure 11 shows an example
of how well the light sheet reveals consecutive blade-
tip vortices. This photograph was taken under the
same conditions as figure 10 except with the test sec-
tion lights turned off. The top of the second vortex
from the left appears to be clipped. This clipping is
produced by the blade protruding through the plane
of the light sheet. Figure 12 is a composite photo-
graph constructed by superimposing the calibration
grid board video record and a video frame similar to
that in figure 11.

Another type of composite photograph that can
be made is done by superimposing two video frames
of similar data runs with all the tunnel conditions
the same except with the smoke plume in different
locations. Figure 13 illustrates the flow conditions of
both the upper and lower portions of the rotor disk
by using this technique.

All the flow field photographs shown to this point
were taken with the camera set to view the flow
patterns of the —60-percent position. In these pho-
tographs the airflow was moving left to right and the
rotor blade tips were moving in the same direction as
the airflow. Figure 14 shows the flow pattern at the
60-percent position in which the airflow was mov-
ing right to left and the blade rotation was in the
opposite direction from the airflow. The dark streak
through the photograph is produced by the blade ob-
scuring the light sheet in that area.

Concluding Remarks

The laser light sheet system at the NASA Langley
14- by 22-Foot Subsonic Tunnel was an evolving
system during tunnel testing of the helicopter model.
Initially, the light sheet was configured to generate a
light sheet with a dispersion angle of approximately
15°. Upon installation in the tunnel, the light sheet
was reconfigured with a dispersion angle of about
10° to increase the light flux density of the sheet and
increase the contrast of the video image. When it was
discovered that the optical Bragg cell was introducing
a color dispersion, a dual prism assembly was added
to minimize the separation. Finally, the capability
to make slip-sync video recordings was required and
added to the system.

The system is capable of “freezing” the flow field
at any one of 1024 possible angular blade positions
and of recording these images on standard VHS video
tape. The system circuitry can easily be set based
on the number of blades that the model has. The
system has an adjustable pulse length for exposure
control and can be used in the synchronized or slip-
sync mode. By recording the grid board with the
video camera in the same position that was used to
record the flow field, the size, location, and trajectory
of the vortices can be extracted from the flow field
video recordings during post-run processing.

NASA Langley Research Center
Hampton, VA 23665-5225
March 27, 1991
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Figure 1. System installed in test section of the 14- by 22-Foot Tunnel.
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Figure 2. Sketch of optics package generating the light sheet.
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Figure 3. Block diagram of synchronizing circuit.
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Figure 6. Schematic diagram of strobe length circuit.
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